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The surface chemistry of Europa is a mixture of mate-
rial in unknown proportions from multiple sources: (1)
early accretion from the protoplanetary nebula, (2)
accretion from comet impacts during heavy and later
bombardment, (3) emergence of subsurface (e.g., oce-
anic, hydrothermal) materials during resurfacing
events related to tidal heating, (4) implantation of ions
from the magnetospheric plasma, and (5) molecular
evolution from radiolysis driven by magnetospheric
particle irradiation energy. Observations of the oxygen
exosphere and surface trace components including
H,0; and CO; can easily be attributed to products of
magnetospheric interactions with little if any input
from Europa's interior. However, whether the observed
sulfate hydrates are from endogenic or exogenic
sources is related also to the uncertainties about the
existence of a liquid water ocean within Europa.

The challenge of future compositional measure-
ments, e.g. by in-situ and remote sensing instruments
on the planned Jupiter Icy Moons Orbiter (JIMO), is to
separate the intrinsic elemental composition of Eu-
ropa's surface and subsurface regions from the back-
ground components induced by magnetospheric inter-
actions. Remote sensing observations from Earth sug-
gest a net Na source at Europa, based on comparison
of Na/K abundance ratios in neutral clouds around Io
and Europa, and NaSO4 hydrate is a candidate com-
ponent for Europa's non-ice materials. Since MgSO4
and HpSOg4 are also candidates, identification of Eu-
ropa's non-ice sulfates will require at minimum the
separate in-situ and/or remote sensing measurements
of abundances for Na, K, Mg, S, and other elemental
species in the magnetospheric and surface environ-
ments.

Oxygen is of course universally abundant from
H,O0 ice, but the critical need is to determine ratios for
abundances of other species to O. For astrobiology it is
crucial to survey magnetospheric and surface abun-
dances of other biogenic elements such as C, N, and P.
The ratio Fe/O could provide information on the
oxidation state of the putative ocean, for example since
this ratio was high in an oxygen-poor ocean like that of
the Archean Earth but fell as concentrations of dis-
solved oxidants increased with the rise of biogenic O;.

In previous missions from Pioneer to Galileo the
in-situ measurement of magnetospheric composition
has been marginal even for elemental species, but the
potential capabilities of JIMO could extend to meas-
urement of isotopic abundances. Europa presumably
accreted from material with standard solar isotopic
abundances, but both magnetospheric interactions and
biological processes produce isotopic fractionation
which could be diagnostic of origin. Elemental species
escaping via sputtering from Europa's surface into the
local magnetospheric environment, and those found
within materials of biological origin, would have pref-
erentially lighter isotopes than for standard solar abun-
dances. Isotopic ratios could serve to measure the age
of surface regions, since older regions subject to sput-
tering should show heavier isotopic fractions than
younger regions. Age is also suggested by the em-
placement of younger features on older features. Hot
spots for biological materials could show unusually
low isotopic masses. In either case such regions would
become high-priority candidates for landed expedi-
tions to search for molecular evidence of a subsurface
ocean and for biochemical signs of life.

A wide variety of instrumental techniques are po-
tentially available to measure Europa surface composi-
tion remotely from orbits around Europa and Jupiter,
and in-situ on the surface of Europa. The latter would
likely provide the highest mass resolution, e.g. for
biomolecules and isotopes, but obviously the least in-
formation on global distributions. Orbital instruments
that directly image sputtered neutrals and x-ray excita-
tion line emission from the surface could provide
global geologic context but may have limited mass
resolution. On the trailing hemisphere of Europa both
the incident fluxes of energetic electrons, and the ob-
served concentrations of sulfates, are higher than else-
where, so remote imaging of x-ray lines from the irra-
diated surface materials there might yield composi-
tional data on elemental abundances. Neutral sputter-
ing is driven by keV-to-MeV energetic ions with more
global impact distributions on the moon’s surface, so
low-energy neutral imaging would also cover the lead-
ing hemisphere of Europa.

With 2-D/3-D atmospheric and ionospheric models
now in development, abundances of neutrals and ions
sampled with high mass resolution for elements, iso-



topes, and molecules by an orbiter in the Europa at-
mosphere may be correlated to abundances of underly-
ing surface regions. Detectability of heavier molecules
could be improved with in-situ sampling at lower alti-
tudes, e.g. for eccentric orbits with periapses at tens of
kilometers. A unique capability of JIMO might be to
use the Xe ion propulsion beam to create artificially-
induced plumes of sputtered material from targeted
regions. JIMO cruise measurements of ion and neutral
magnetospheric particle composition could also indi-
rectly yield surface composition data, since sputtered
neutrals become ionized and are picked up by the
corotating magnetospheric field, and a neutral toroidal
cloud of alkalis and, likely, hydrogen or oxygen has
been observed at Europa's orbit.

Magnetospheric ions originating from the Jovian
moons and other sources (interplanetary solar wind,
Jupiter’s atmosphere) are accelerated to energies of
tens of MeV per nucleon and higher during diffusive
transport within the Jovian magnetosphere. Instrumen-
tal techniques are available to make precise measure-
ments of energy, isotopic mass, and directional distri-
butions for such ions. Phase space density analysis can
in some cases be used to trace measured distributions
of energetic ions of specific composition (e.g., Na) to
points of origin (e.g., Europa). Knowledge that some
types of ions, such as Na from Europa and S from Io,
originate from discrete sources can in turn be used to
investigate the dynamics of ion transport and accelera-
tion in the large-scale magnetosphere. Precision ion
spectrometers on JIMO could be used to determine ion
charge states from measurements of the anisotropic
interactions of high-energy, large-gyroradius ions with
moons such as Europa. Since ion gyroradius is in-
versely proportional to the local magnetic field magni-
tude, such measurements can also be used to probe
induced magnetic fields associated with Europa’s puta-
tive subsurface ocean and intrinsic magnetic fields as
found at Ganymede.

Finally, full characterization of energy and anisot-
ropy distributions for major ion and electron species in
the Jovian magnetosphere at the orbits of the icy
Galilean moons is required to accurately model the
position-dependent yields of magnetospheric irradia-
tion products (neutrals and x-rays) from the moon sur-
faces. In the case of sputtering at Europa’s surface,
low energy sulfur and oxygen ions from the Io plasma
torus dominate the number density but sputtering
yields per unit energy from electronic ionization
maximize for these ions at MeV energy. The incident
energy distribution also affects the global surface pat-
terns of sputtering, since high energy ions affect larger
regions of the moon surface than lower energy ions,
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the latter having effects more concentrated in the trail-
ing hemisphere like those of energetic electrons.

The energy distributions of incident magneto-
spheric particles, particularly for more penetrating
protons and electrons as compared to short-range io-
genic heavy ions, are also important to the resultant
density distributions of irradiation products as func-
tions of surface depth on Europa and elsewhere. The
relative proportions of products from direct sputtering
at sub-micron depths and from volume radiolysis down
to meter depths partly determine the altitude distribu-
tions of these products in the moon atmosphere. ‘Hot’
atoms from sputtering initially produce larger scale
heights of atmospheric neutrals than ‘cold’ atoms from
leakage of radiolysis products through volume ice at
100 K. Eventually, all atmospheric atoms not reenter-
ing, and sticking to, the surface are lost to the magne-
tosphere due to atmospheric sputtering and dissocia-
tion reactions. For radiolytic product measurements it
may be preferable to carry out in-situ atmospheric
composition measurements of cold (sub-eV) atoms at
low altitudes, while neutral imaging samples the hot (~
10 V) sputtered atoms at higher altitudes.



